The polysaccharides of Porphyra yezoensis (PPY), porphyrans, are recognized as the major active components as they have several biological properties. This study was performed to assess the effect of PPY administration against cerebral ischemia-reperfusion injury (IRI). Thirty-two adult Sprague-Dawley (SD) rats were chosen and divided into 4 groups as follows: group I -rats received only saline; group II -subjected to middle cerebral artery occlusion (MCAO) for 60 min followed by 24 h of reperfusion (IRI-induced); group III -pretreated with PPY (100 mg/kg) for 7 days, followed by IRI induction; group IV -treated with PPY (100 mg/kg) for 7 days without IRI induction. All the data were analyzed by Dunnett's (multiple comparisons) test using SPSS software. Pretreatment with PPY significantly (p<0.01) lowered the neurological deficit and cerebral infarct volume in comparison with IRI-induced rats. A pronounced (p<0.01) increase in the levels of antioxidant components (superoxide dismutase (SOD), catalase (CAT), reduced glutathione (GSH)) was observed in PPY-supplemented rats. Also, the proinflammatory markers: interleukin-1β (IL-1β), interleukin-6 (IL-6), tumor necrosis factor alpha (TNF-α) and the nuclear factor-kappa B protein, subunit p65 (NF-κB p65) were substantially (p<0.01) suppressed in PPY-administered rats. Moreover, the protein levels of TNF-α and NF-κB p65 were considerably (p<0.01) downregulated upon pretreatment with PPY. Our data suggest that PPY could exhibit neuroprotective activity by attenuating oxidative stress and the inflammatory response.
INTRODUCTION
Ischemic stroke accounts for almost all strokes (88%) and is caused by the occlusion of brain blood vessels, especially the middle cerebral artery, which results in brain damage or deformities that are associated with high mortality and morbidity [1, 2] . Normally, after an ischemic stroke, the blood flow must be restored as quickly as possible (reperfusion) to enable the survival of brain cells. However, reperfusion probably alters the biochemical and molecular signaling pathways and thereby worsens the brain damage process by increasing oxidative stress, inflammation, apoptosis, edema and hemorrhage [3, 4] . The best treatment strategy for stroke is with recombinant tissue-plasminogen activator (rtPA) to resolve the clot (thrombolysis), but the usage of this method is limited (short-term), and hence there is a high demand for an effective drug for abolishing stroke [5] .
Multiple lines of evidence have shown that inflammation and oxidative stress (imbalance between antioxidants and oxidants) are the major pathophysiological events that contribute to ischemic stroke or brain injury [1, 4] . The inflammatory cascade is triggered during the early phase of IR by the excessive production of reactive oxygen species (ROS) via microglial activation and neutrophil infiltration. This subsequently upregulates the production of proinflammatory cytokines such as TNF-α, IL-1β, IL-6, and thus damages cerebrovascular endothelial cells by activating the apoptotic cascade [5, 6] . Therefore, to combat ischemic brain stroke or IR brain injury, a drug with antiinflammatory activity would help in alleviating the different IRI-induced disorders.
Porphyra yezoensis is, a popular sea weed (red marine algae), belongs to the Bangiaceae family. P. yezoensis is mainly harvested in China, Korea, Taiwan and Japan [7] . It is highly consumed due to its special flavor and because it possesses several biological functions, being rich in proteins and carbohydrates [8, 9] . Lately, the polysaccharides of P. yezoensis (PPY), such as the porphyrans, are drawing more attention and are recognized as one of the major active components with several pharmaceutical properties. Several studies have reported that PPY exhibits antioxidant, antiinflammatory, antitumor and immunomodulatory activities [2, 10] . It also shows hepatoprotective and cardioprotective activities [11, 12] . Furthermore, various polysaccharides from plants/marine algae have been shown to exhibit neuroprotective activity in a cerebral IR model [13, 14] . However, the neuroprotective effect of PPY against IRI has not been explored so far. Hence, this pilot study was conducted to check the therapeutic efficacy of PPY in a cerebral ischemia/ reperfusion model by determining the neural deficits, cerebral infarct volume, proinflammatory cytokines, as well as protein levels of inflammatory markers in SD male rats.
MATERIALS AND METHODS

Chemicals and reagents
Bromophenol blue, diethyl ether, hydrogen peroxide, chloral hydrate, paraformaldehyde, phosphate buffered saline and pentobarbital sodium were bought from Sigma-Aldrich (MO, USA). 2,3,5-triphenyltetrazolium chloride (TTC) was purchased from Lingjin Co., Ltd, Shanghai, China. All of the other reagents and chemicals used are of analytical grade.
PPY preparation
P. yezoensis were obtained from the local market (Jiangsu) and authenticated by the botanist, Dr. Le Su from the Nantong University School of Medicine and a voucher specimen (OTM-1PY) was deposited in the herbarium of the People's Hospital of Nantong University. The PPY was extracted/prepared according to the methods of Zhou et al. [10] with slight modification.
Experimental animals
A total of 32 healthy male SD rats weighing 240-260 g were procured from the animal center of Nantong University. Rats were accommodated in a metabolic steel cage and maintained at 22°C (with 74% humidity) on a 12 h dark/light cycle. All rats were allowed free access to water and food (ad libitum). All the protocols used in the present study were approved by the Ethical Board Committee members of the second People's Hospital of Nantong (SPHN-2015/12) and complied with the guidelines of the United States National Institute of Health (Guide for Handling and Care of Laboratory Animals). This animal study was conducted at the second People's Hospital of Nantong from January to March 2016.
IR insult (IRI) protocol
A focal IR insult or MCAO was performed using the previously reported Longa method [15] . Briefly, the rats were anesthetized with an intraperitoneal (i.p.) administration of chloral hydrate (300 mg/kg), placed in the supine position and subjected to a midline neck incision to expose the right common carotid artery (CCA), external carotid artery (ECA) and internal carotid artery (ICA). Both CCA and ECA were ligated (occluded) using a 30-mm nylon monofilament coated with a rounded silicon tip (Beijing Sunbio Biotech Co., Ltd. Beijing, China) by going through the ICA (18±2 mm) and middle cerebral artery to achieve MCAO. After 60 min of MCAO, the nylon monofilament was gently removed to establish reperfusion for 24 h. Sham-operated control rats underwent a similar procedure without ligation and occlusion/reperfusion. Throughout the surgical procedure, the body temperature was maintained at 37°C using a heating lamp. The wound was then sutured and the animals were returned to their respective cages.
Animal grouping
After a two-week adaptation period, all healthy rats were randomly separated into four groups with eight in each. Group I rats received saline via the i.p. route and served as the sham-operated control group; group II rats were subjected to MCAO for 60 min, followed by 24 h of reperfusion, as indicated in the above section, and these rats served as the IRI group. Group III rats were pretreated with 100 mg/ kg of PPY (i.p.) for 7 days, followed by IRI induction, and served as the PPY+IRI group; group IV rats were treated with 100 mg/kg of PPY for 7 days without IRI induction and served as the PPY group.
Sample collection and processing
After 24 h of reperfusion and neurological examination, all the rats were euthanized by an i.p. pentobarbital sodium injection and the brains were removed immediately and stored at -80°C. The cerebral cortex region was isolated and homogenized using lysis phosphate buffer (10 mM disodium hydrogen phosphate, 10 mM sodium dihydrogen phosphate, 10 mM Tris-HCl, pH 7.4), and centrifuged at about 2000 x g for 10 min to obtain a supernatant. This supernatant was used for biochemical and molecular analysis.
Neurological deficit score/neural deficit assessment
The neurological deficit score (NDS) was carried out after 24 h of reperfusion by an examiner blind to all experimental groups in accordance with Longa's Score Scaling System [15] . The scoring ranged from 0 to 4, as follows: 0 denoted rats with no neurological deficit, 1 denoted rats that failed to lift the forepaw completely, 2 denoted rats that circled to the left side, 3 denoted rats that fell to the left side, 4 denoted rats that failed to walk spontaneously and/or had a depressed level of consciousness.
Determination of cerebral infarct volume
The cerebral hemispheres were removed carefully and sliced into 2-mm coronal slices via a frontal pole, stained with a 2 % TTC solution at 37°C for 30 min, and rinsed with phosphate buffered saline (sodium chloride/disodium hydrogen phosphate and sodium chloride, pH 7.4) to remove excess stain. The sections were fixed with 10% paraformaldehyde by leaving overnight. The coronal slices were placed in an Image Scanner, and the infarct volume was quantified using Image J software (Image J ver. 1.4, MD, USA). The infarct volume was evaluated using the formula given in the Türeyen method [16] :
Infarct Volume=(total infarct area/whole brain section area)×100%.
Measurement of selected antioxidant parameters
The activities of SOD, CAT and GSH in cerebral tissue were measured using a commercial kit (Beyotime, Biotechnology; Jiangsu, China). One unit (U) of SOD activity was defined as the amount of enzyme required to inhibit 50% of superoxide radicals and was measured at 550 nm. One unit (U) of CAT activity was defined as the amount consumed to inhibit H 2 O 2 radical formation and was measured at 405 nm.
Determination of inflammatory markers
Several inflammatory markers, including IL-1β, IL-6 and TNF-α in the cerebral homogenate were measured using a commercial ELISA kit from Thermo Fisher Scientific (MA, USA) according to the supplier's protocol. The NF-κB p65 subunit was assessed in the nuclear fraction of the cerebral homogenate using the nuclear/cytosolic fractionation kit from Bio-Vision (CA, USA) and followed by NF-κB p65 determination with an ELISA kit from Imgenex Corporation (CA, USA).
Immunoblot analysis
The protein contents in the cerebral homogenate were determined using the Pierce BCA assay kit (Thermo Fisher Scientific; MA, USA). Protein quantity (both nuclear and cytosolic fractions) of 50 µg/lane were loaded in each well of 10% gels, separated by sodium dodecyl sulfate (SDS)-polyacrylamide gel electrophoresis (SDS-PAGE) and electrotransferred onto a polyvinylidene fluoride (PVDF) membrane. The membranes were blocked with 5% fat-free milk and Tween 20 with Tris-buffered saline (TBS) and then probed overnight at 4°C with primary antibodies. The following primary antibodies were used: rabbit polyclonal anti-NF-κB p65 (1:1200; Promega, WI, USA), anti-TNF-α (1:1500; Promega, WI, USA), mouse anti-rat β-actin (1:800; Abcam, Cambridge, UK) and anti-rabbit-histone H3 (1:800; Abcam, Cambridge, UK). Both β-actin and histone H3 were used as an internal control. TBS was used to remove unbound an-tibodies. Membranes were incubated with anti-goat and anti-mouse secondary antibodies conjugated to horseradish peroxidase (HRP) (1:10000, respectively; Promega, WI, USA) in TBS at room temperature for 1 h. After washing with TBS, the absorbance was quantified using an enhanced chemiluminescent system (Thermo Fisher Scientific;MA, USA), and the band intensity were quantified using Image J software (Bethesda, MD, USA).
Data analysis
Data are presented as the mean±standard deviation (SD). The difference between each experimental group was analyzed with one-way ANOVA, followed by the Dunnett's (multiple comparisons) test using SPSS software (Ver 23; International Business Machines, Corp., NY, USA). P<0.05 was considered as significantly different.
RESULTS AND DISCUSSION
The MCAO model is one of the best ischemic stroke models as it mimics almost 80% of the pathological features of stroke patients [5, 17] . Hence, for the present study we choose the MCAO focal IR rat model to test the potential beneficial activity of PPY by assessing the neurological deficit score, infarct volume and inflammatory markers. Preliminary dose-dependent studies have been conducted (data not shown) and based on these results, for the present study a dose of 100 mg/kg was used.
Neurological deficit score
Evaluation of the neurological deficit score (NDS) is a major criterion for assessing the motor activity and the neuroprotective activity of any drug in an ischemic/reperfusion model. The results of the efficacy of PPY on the neurological deficit score in experimental rats is presented in Fig. 1A . The neurological deficit score increased substantially (p<0.01) in IRIinduced rats as compared to sham-operated control rats owing to the MCAO/reperfusion. The above results are in agreement with those of Gong et al. [18] , who also reported that during an ischemic condition, overproduction of free radicals elicits neuronal damage and results in impaired motor function, eventually causing a neurological deficit. Supplementation of PPY for 7 days prior to IRI induction significantly diminished (29%; p<0.05) the neurological deficit score compared to MCAO/reperfusion-induced rats, implying that animals pretreated with PPY had a better functional outcome after IRI. We hypothesized that PPY improved motor activity by attenuating excessive free radical generation. Several studies have also indicated that PPY could exert antioxidant and free radical scavenging activities [19, 20] .
Cerebral infarct volume/area in IRI and PPY+IRI rats
The cerebral infarct volume/area in control and experimental rats were examined after TTC staining (Fig. 1B) . The MCAO/reperfusion-induced rats displayed a concomitant elevation (p<0.01) in the infarct volume/area. However, pretreatment with 100 mg/kg of PPY considerably lowered (41%; p<0.05) the infarct volume/area as compared to the IRI group. The above data indicated that PPY might improve the antioxidant status and thus lower the neural injury, as well as the infarct volume/area. This improved outcome is consistent with the results of Mohibbullah et al. [21] , who also demonstrated that P. yezoensis exhibits a neuroprotective activity via inhibition of free radical generation and apoptosis due to the presence of polysaccharides with free radical scavenging activities. Moreover, numerous polysaccharides from different plant sources have also been shown to significantly reduce the neurological deficit score and infarct volume by inhibiting oxidative stress and inflammatory cytokines [13, 14] . No evidence of neural deficits or infarct area in shamoperated control rats were observed as they were not occluded. The obtained results showed that the neuroprotective action of PPY was accomplished by lowering the neurological damage, which led to improved motor function.
The effect of PPY on cerebral antioxidants
Several researchers have pointed out that inflammation and oxidative stress are the major pathophysiological events that contribute to ischemic stroke or brain injury. Inflammation and oxidative stress are interlinked with each other in most neurological disorders [1, 4] . During the early phase of IRI induction, excessive free radicals are generated via activated microglial cells [5] . Table 1 shows the effect of PPY on the activities of cerebral antioxidant components (SOD, CAT, GSH) in experimental rats. A considerable decrease in the enzymatic activities of cerebral antioxidant enzymes (SOD by 37% and CAT by 22%; p<0.01) and the concentration of GSH (by 28%; p<0.01) were noted in IRI-induced rats, whereas pretreatment with PPY substantially improved these values (SOD 1.4-, CAT 1.2-and GSH 1.3-fold; p<0.05). Our results are in agreement with the data of Guo et al. [11] .
The effect of PPY on cerebral inflammatory markers in IRI rats
The inflammatory response is stimulated during the early phase of IR via excessive production of free radicals by activated microglial cells and neutrophil infiltration. The production of proinflammatory cytokines (IL-1β, Il-6, TNF-α) is upregulated, resulting in damage to the cerebrovascular endothelial cells as a result of the activation of the apoptotic cascade [5, 6] . Table 2 shows the effect of PPY on the levels of cerebral cytosolic inflammatory markers, IL-1β, IL-6, TNF-α, as well of nuclear factor NF-κB p65 subunit. These markers were significantly increased (p<0.01) in MCAO/reperfusion-induced rats. Pretreatment with PPY for 7 days considerably suppressed the levels of these inflammatory markers (TNF-α by 22%, IL-6 by 26%, Il-1β by 27% and NF-κB p65 by 17%; p<0.05) as compared with the IRI-induced group and thereby exerted a protective effect on brain tissue. These results are in agreement with the results of Ryu et al. [22] , who demonstrated that the polysaccharides (porphyrans) of P. yezoensis inhibit the secretion and Data were expressed as the mean ± standard deviation (SD). Statistical significance: # p<0.05, ## p<0.01 (a) vs. control group, (b) vs. IRinduced group. NF-κB p65 -Nuclear factor p65 subunit, TNF-α -tumor necrosis factor alpha, interleukin-6 (IL-6), interleukin-1β (IL-1β), IR -ischemic reperfusion insult, PPY -polysaccharides of Porphyra yezoensis. expression of TNF-α and IL-1β by suppressing NF-κB. Moreover, pretreatment or preconditioning with Ginkgo biloba polysaccharides notably abolished the activation of microglial cells by inhibiting NF-κB and ultimately downregulated the proinflammatory cytokines IL-1β, IL-6 and TNF-α [23] .
Protein expressions of TNF-α and NF-κB p65 in IRI and PPY+IRI rats NF-κB is a crucial inflammatory factor that controls the expression of various proinflammatory cytokines. To confirm the antiinflammatory effect of PPY, we quantified the protein expression of the nuclear fraction of the NF-κB p65 subunit and TNF-α. Fig. 2 . shows the effects of PPY on cerebral protein expressions of cytosolic TNF-α ( Fig. 2A) and nuclear NF-κB p65 (Fig. 2B) in experimental rats. The protein levels of cytosolic TNF-α and nuclear NF-κB p65 were significantly upregulated (p<0.01) in the MCAO/reperfusion-induced rats. However, pretreatment with PPY significantly downregulated (p<0.05) the protein expression of cytosolic TNF-α ( Fig. 2A) and nuclear NF-κB p65 (Fig. 2B ) by 26% and 28%, respectively, in comparison to the MCAO/ reperfusion-induced group. Similarly, Jiang et al. [24] pointed out that pretreatment with polysaccharides of P. yezoensis can inhibit the translocation of NF-kB p65 from the cytosol to the nuclei, resulting in the downregulation of the production of various proinflammatory cytokines, including TNF-α, in the LPS-treated RAW 264 cell line model.
The presented results show that PPY exerts neuroprotective activity by attenuating the inflammatory response. This study has some limitations, such as a lack of standard drugs for comparison, and that we did not evaluate the neutrophil infiltration levels (by myeloperoxidase, MPO) and apoptotic markers to confirm the protective effect of PPY. However, in future studies we aim to overcome these limitations.
CONCLUSION
The results of the present study indicated that PPY could moderately improve neurological motor function by lowering the infarct volume through abolishing neuronal damage, oxidative stress and inflammatory response. This work points to the use of PPY with standard neurological drugs for combating IR-related disorders. Further in-depth studies are needed to explore the mechanism underpinning the neuroprotective activity of PPY. 
